\

Yesl materials MBPI|
e w 7
Article

Contact Characteristics and Tribological Properties of the
Weaving Surface of Mn-Cu and Fe-Zn Damping Alloys

Lin Zhang *, Xindong Yan 1, Ying Shu !, Hongjuan Yang !, Xiaomin Kang 2, Zhenbing Cai ® and Minhao Zhu 3
g 8 g 8) g 8 2]

check for
updates

Citation: Zhang, L.; Yan, X.; Shu, Y.;

Yang, H.; Kang, X.; Cai, Z.; Zhu, M.
Contact Characteristics and
Tribological Properties of the
Weaving Surface of Mn-Cu and
Fe-Zn Damping Alloys. Materials
2022, 15, 3303. https:/ /doi.org/
10.3390/ma15093303

Academic Editors: Alberto
Campagnolo and Alberto Sapora

Received: 10 March 2022
Accepted: 12 April 2022
Published: 5 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

School of Mechanical and Electrical Engineering, Chengdu University of Technology, Chengdu 610059, China;
hpuxindong@163.com (X.Y.); shuying20000105@163.com (Y.S.); yhj1116@126.com (H.Y.)

School of Mechanical Engineering, University of South China, Hengyang 421001, China; kxmswjtu@163.com
3 Institute of Tribology, Southwest Jiaotong University, Chengdu 610031, China; czb_jiaoda@126.com (Z.C.);
zhuminhao@139.com (M.Z.)

Correspondence: z11219891@163.com

Abstract: In this paper, laser texturing is performed on the surface of Mn-Cu and Fe-Zn damping
alloys and the tribological properties of the samples with various surface weaves under dry-sliding
conditions are investigated. The results show that the surface weave parameters affect the size of the
contact surface and change the number of micro-convex bodies at the contact interface. This leads to
changes in the tangential damping of the contact and further affects the magnitude of the friction
coefficient. Additionally, the damping properties significantly affect the wear mechanism and make
it more prone to adhesive wear.

Keywords: damping alloys; tribology; contact characteristics; wear mechanism

1. Introduction

With the development of high-speed, high-efficiency and automated mechanical
equipment, the influence of vibration and noise are becoming increasingly prominent.
Damping alloys receive extensive attention and research due to their good mechanical prop-
erties, which are employed in gearing under vibration and high-friction conditions [1-4].
The friction reduction effects of damping alloys lie in the weakening of vibration during the
friction process [5]. The damping contact shows different tribological behaviors compared
with the rigid contacts, which possess a higher friction coefficient due to the hysteresis of
damping deformation [6-8]. The current research on the influences of damping properties
during friction mainly focuses on viscoelastic materials [9-11] or the damping factors in
interfacial contacts [12-15]. Zhang et al. [16-18] studied the effects of contact damping on
the friction process from the perspective of fractal theory, and theoretically established the
correlation between contact damping and friction process. Liu et al. [19,20] investigated the
friction characteristics in the presence of damping alloy during the wear process. However,
there is little research on the effects of the damping alloy as a counter-abrasive on the
friction process, especially after a change in material damping.

The damping mechanism of the damping alloys is quite different from that of the
viscoelastic materials [21], and the damping properties of the alloys are derived from
the internal defects of the metal. The heat-treatment changes the microstructure of the
damping alloys, resulting in changes in the surface hardness and Young’s modulus of the
material at the same time. Therefore, it is not ideal to improve the damping properties by
changing the alloy composition or using a heat-treatment process. Manganese copper alloy
is a widely used damping alloy with high-damping performance and good mechanical
properties, in which the martensite phase transformation of the phase twins is the source of
the damping performance [22,23]. Iron-zinc alloy is another widely used damping alloy,
and the source of damping in the Fe-Zn alloys is internal defects, such as dislocations [24,25].
In this study, the Mn-Cu and Fe-Zn damping alloys are selected to study the effects of the
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damping properties on the frictional wear process between the pairs of grinding subsets by
machining the surface weave.

Previous studies showed that the surface weave affected the contact properties of
the bonding surface. Arghir [26] analyzed the contact stiffness and damping of the seal
ring with weaves through simulation, which showed that the weaves affected the contact
stiffness and damping of the seal ring. Zahrul [27] investigated the effects of the contact
density of the micro-convexity on the tangential contact damping by machining pyramidal
micro-convexity weaves on the disc member, and the higher contact density led to a
higher tangential contact stiffness and damping. The research of Medina [28] showed that
the contact density of the micro-convexes could be controlled by changing the distance
between the micro-convexes to achieve control over contact damping. Zhang [29-31]
investigated the weaves on the contact interface and found that the surface weave affected
the contact stiffness and damping between the bonding surfaces, which was explained by
fractal theory.

In this work, which aim to study the effects of the damping changes on the friction
process during sliding friction, the contact damping properties of the Mn-Cu and Fe-Zn
damping alloys are enhanced by the micro-convexity weave on the surface. The article
firstly characterizes the tribological properties of Mn-Cu, Fe-Zn damping alloys with dif-
ferent weave parameters and analyzes the variation of their friction coefficients, and then
investigates the effect of weave parameters on the tangential damping and tangential
stiffness of the friction surfaces through simulations, indicating that the variation of tan-
gential damping affects the variation of friction coefficients. Then, the wear mechanism
of the damping alloy is studied from the perspective of friction morphology, and it is
found that the formation of abrasive chips has a greater influence on the wear mechanism.
The effect of the change of normal force on the formation of abrasive chips of damped alloy
is investigated.

2. Experimental Section
2.1. Materials

The damping alloys of Mn-Cu (Mn-20Cu-5Ni-2Fe, M5052) and Fe-Zn (27Zn-Fe, ZX09)
were purchased from Shanghai Tongxiang Co., Ltd. (Shanghai, China). Table 1 shows the
mechanical properties of the two alloys, and the tensile curves of the two alloys are listed
in Figure S1. GCr15 steel balls with a diameter of 9.5 mm were used for the grinding sub.

Table 1. The mechanical properties of frictional sub-materials.

Elastic Modulus (GPa) Tensile Strength (MPa) Hardness (Hv) Damping Property (Tan )
Mn-Cu alloy 11.5 40.4 39.2 0.56
Fe-Zn alloy 25.8 133.2 70.1 0.21
GCr15 207.0 861.0 890.0

2.2. Surface Weaving Treatment

According to previous studies, the surface weave parameters, center distance (C) and
weave width (W), had a greater impact on the contact interface damping [32-35]. Weave
processing by laser, and processing depth (D) was maintained to 0.1 pm (Shown in Figure 1).
The weave parameters are listed in Table 2. There are 12 samples of Mn-Cu (Cu) and Fe-Zn
(Fe) respectively.
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Figure 1. Schematic diagram of the test setup: (1) rotary motor, (2) sample table, (3) block specimen,
(4) ball specimen, (5) ball holder, (6) suspension, (7) 2-D strain-gauge force sensor, (8) computer.

Table 2. The weaving parameters of samples.

Thickness (T)/um Center Distance (C)/um Weave Width (W)/um

T0.3 0.3 03,04,0.5 0.1
T0.4 0.4 0.3,04,0.5 0.1
T0.5 0.5 0.3,04,0.5 0.1
T0.4 0.4 0.4 0.1,0.2,0.3

2.3. Experimental Setup

Friction characteristics of sliding phenomena were studied in this work by performing
tribological tests on CETR-UMTS3 in a ball-on-block configuration. Its schematic can be
seen in Figure 1. The fixture system was used to hold the specimens; the pad was held
in the upper holder, which was connected with the connection part by the screw thread.
A strong glue was used to fix the disc onto the metal base which would slide with the
rotational motion device. During these tests, the moving stage which was controlled by the
computer would move downwards and push the ball into contact with the block under a
given normal load. The block would slide with the rotational motion device which was also
controlled by the computer. In the test, the 2-D force sensor (sensitivity: 0.025 N; measuring
range: 5-500 N) was installed to record the normal and friction forces during the whole
tests. To protect the force sensor, the suspension was fixed between the connection part
and the force sensor. The signals of the forces were recorded by the computer.

Before conducting the experiments, a series of preliminary tests were carried out with
different values of normal loads and disc speeds. Experiments were carried out at normal
force of 2N, 5 N and 10 N (1 Hz). The test time was set to 1000 cycles for each sample.

Considering the randomness of the friction-induced vibration, each type of disc
specimen was tested three times in this study to ensure the reliability of experiment results.
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In order to characterize interface, contact and wear behaviors of the contact interface, optical
microscopy (OM) and a white light interferometer were used to examine the topographies
of the disc surfaces; next, a scanning electron microscope (SEM) was used to examine the
topographies of pad surfaces; finally, energy dispersive X-ray spectroscopy (EDX) analysis
of the wear debris on the pads of the friction pairs was conducted after the stick-slip
oscillation tests. All experiments were conducted in a controlled ambient environment
(temperature of 27-30 °C and relative humidity of 60 &= 10%).

3. Results and Discussion
3.1. Friction Coefficient

The evaluation of the friction coefficient curves of the Mn-Cu and Fe-Zn samples with
different center distance weavings is shown in Figure 2: both materials show two different
stages of friction coefficient. The friction coefficient of the Mn-Cu samples experiences
a sharp increase at the initial stage of friction and then tends to stability. The friction
coefficient of the samples with a larger center distance fluctuates slightly, and the samples
with a larger center distance in the final stabilization stage have smaller friction coefficients.
The friction coefficient of the Fe-Zn samples decreases at the beginning of the friction
process and then reaches a stable stage. Due to the higher surface hardness of Fe-Zn
alloys, the fluctuation of the friction coefficient is lower than that in the Mn-Cu samples.
The samples with a smaller center distance show a smaller friction coefficient, and the
friction coefficients of all samples are listed in Figure S1.
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Figure 2. Friction coefficient curves of (a) Mn-Cu and (b) Fe-Zn samples with different center
distance weavings.

Figure 3 shows the effect of the sample thickness and fabric center distance on the
average friction coefficient of the sample. (The effect of sample thickness and fabric center
distance on the average friction coefficient of the sample is investigated in Figure 3) The
friction coefficient of the Mn-Cu samples increases with the increase in the center distance
when the sample thickness is constant. The change of friction coefficient is influenced by
both the sample thickness and weave center distance when the sample thickness increases.
The friction coefficient of the Fe-Zn samples decreases with the increase in the sample
thickness, and the friction coefficient increases as the center distance becomes larger when
the thickness is constant. When the sample thickness increases, the change of center
distance has a greater effect on the friction coefficient. This difference may originate from
the variation of the contact state of the friction pair, the change of the weave parameters
affecting the contact area, the contact strength, and the contact damping under dynamic
tangential forces.
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Figure 3. Average friction coefficient influenced by sample thickness and center distance of weave
(a) Mn-Cu samples, (b) Fe-Zn samples.

Apart from the effect of thickness, Figure 4 shows that the average friction coefficient is
influenced by the weave width. The average friction coefficient increases with the increase
in the weave width when the thickness of all samples is identical. There is a difference in
the friction coefficients of the Mn-Cu samples and Fe-Zn samples. The average friction
coefficient of the Fe-Zn and Mn-Cu samples and the sample with the narrowest weave
width are about 0.15, 0.3 and 0.46, respectively.

0.50
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0.45 | —&— Fe-Zn

0.40 |
035 F

0.30

Average COF

0.25
0.20 |
0.15 } .\.\.

0.10 ' : ' : '
0.1 0.2 0.3

Weave width/pm

Figure 4. Average friction coefficients of the Mn-Cu and Fe-Zn samples with the different
weave width.

3.2. Simulation of Dynamic Behavior of Surface Weaving Parameters

To investigate the effect of contact characteristics on the coefficient of friction, accord-
ing to the theory of micro-convex deformation, the micro-convex body underwent three
stages during the friction process, namely plastic deformation, elasto-plastic deformation,
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and plastic deformation [36-38]. When the dry friction exists between the contact surfaces,
the normal stress at the contact ring boundary is small, and the shear stress tends to infinity
(Figure 5). Tangential loads of any size cause the boundary of the contact zone to slide.
When the tangential load is less than the maximum static friction, the contact area of a
single contact point is divided into adhesion zone and slip zone. The shear deformation
has a complete slip under the friction conditions mentioned in this work, but the numerical
simulation results are inaccurate when the deformation is large. Therefore, only the force
conditions between test and before complete slip are considered to conduct the subsequent
finite element simulations [39,40].

i Friction stress p*p(r’)
Shear stress T(r”) i\

Microconvex body

Counter-grinding subplane

Tangential load Nt

[Normal load N

Figure 5. Micro-convexity’s tangential contact considering friction force.

Assumed the shear stress distribution in the adhesion zone is:

2 05
, c 7!
Tadhesion (7’) = _ﬂPO; (1 - <C) > (1)

The shear stress distribution in the slip zone is:

2\ 05
Tslip (7’/) = HPpo (1 - (:) > (2)

Total tangential force of contact point is:

M= 3= n) = 25 (1- (5)) ®

C_ Nt %
= () @

The displacement of the adhesion region is:

b= %Esrnypo (1 — (;>2>
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where Eis = igvll + %E;z is the equivalent shear modulus. The contact point shear stiffness
is obtained by differentiating 5.

kt= ———" ()

Macroscopically, the tangential contact stiffness of the microweave bond surface can
be viewed as the sum of the contact stiffness of all micro-convexes on the weave-free region.
Assuming that the number of micro-convex bodies on the microweave bonding surface
is A, within the contact area, the bonding surface, due to its microweave morphology,
keeps the micro-convex bodies in the weave region in an uncontacted state. Numerous
studies have shown that the height of micro-convex bodies on machined surfaces obeys a
Gaussian distribution [39]. Therefore, for a given surface distance d, the expected value
of the number of micro-convex bodies that receive deformation due to load action in the

nominal contact area is: -

n=(1-7)nA, /d ¢(2)dz ©)

¢ denotes the weave density of the microweave plane, { = % x 100% (shown in
Figure S2). i1 denotes the density of micro-convex bodies per unit area. ¢(z) denotes the
probability density function with a normal distribution of the height of the micro-convex
body on the front surface.

The microscopic morphology of the weave-free region is assumed to be isotropic,
and then the interactions between the micro-convex bodies on the front surface are neglected.

According to the previous model for the calculation of contact stiffness of a single
micro-convex body, the normal contact stiffness of the entire weave bond surface can be

obtained as follows: 5
sli
Knld) = (1= O [ Kig(2)dz @)

According to the research results of Mindlin [40], the energy dissipated by a single
contact point in one loading cycle can be obtained as:

5 2
P 2ANP 3 (1 Ny N _Neys
=5 N A=1-(1 N N 1+ (1 N ®)
The dissipated energy in one cycle is:
‘Sslip /
Eq= (1= Onan [ chp(z)dz ©)

The relevant literature shows that the dry friction damping equivalent viscous damp-
ing coefficient expression is:

E4 4Es(1 - Q)nA, Siip
C= = d 10
TTWo C()T’T[z‘upo (1 - (%)2) /0 €d¢(2) z ( )

e/, is a function related to the friction coefficient . According to the literature [41,42],
it can be concluded that p~C.

The relationship between the friction coefficient and the tangential damping during
the friction process is obtained by finite element modeling (Figure 6, The normal force is
2 N, the sample thickness is 0.3 um, and the weave width is 0.1 um). The tangential force of
the Mn-Cu sample is higher, while the contact mode of the Fe-Zn sample is mainly pointing
contact and its tangential force is lower, resulting in the lower friction force and friction
coefficient of the Fe-Zn samples.
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(d) Fe-Zn/C-0.5

a) Mn-Cu/C-0.5 b) Mn-Cu/C-0.4 ¢) Mn-Cu/C-0.3

(e) Fe-Zn/C-0.4 (f) Fe-Zn/C-0.3

Figure 6. Friction process simulation of Mn-Cu and Fe-Zn with different weave center distance.

In order to visualize the relationship between the tangential contact damping, the
average friction coefficient, and the weave structure of the samples in the simulation results,
the results are shown in Figure 7. The tangential contact damping increases with the
increase in the weave center distance (Figure 7c), and the friction coefficient also increases
(Figure 7c). The tangential damping and friction coefficient increase when the width of
the weave and the thickness of the sample increase, which exhibited the same trend as the
results in the literature [41,42]. According to the Equations (3)—(10), the tangential damping
is positively correlated with the actual contact surface. When the center distance of the
weave increases, the actual contact area increases, leading to the increase in the tangential
damping and friction coefficient. On the other hand, the sample thickness is related to the
contact stiffness. When the contact area is the same and the sample thickness increases,
the sample stiffness increases, resulting in the decrease in the tangential damping and
friction coefficient.

In contrast to the experimental results in Figures 3 and 4, the changing trend of
friction coefficient change in the Fe-Zn material is in good agreement with the theoretical
calculation, while only the result of weave width in the Mn-Cu material is in a better
agreement with the theoretical calculation, which is related to the difference in friction
process caused by the difference of the material properties.

3.3. Morphologies and Wear Mechanism

In the previous section, we analyzed how contact characteristics influence the friction
characteristics of damping alloys. This section will show the wear morphology of the alloy.
Figure 8 shows the morphologies of the Mn-Cu alloy with different weaving parameters
in which the normal force is 2 N, the sample thickness is 0.3 pm, and the weave width is
0.1 um. Figure 8a shows the sample with a center distance of 0.3 um, Figure 8b shows the
sample with a center distance of 0.4 pm, and Figure 8c shows the sample with a center
distance of 0.5 um. The friction track and wear debris are visible on the friction surface.
The wear debris has two main forms, namely the smaller ones as shown in Figure 8(b1)
and the larger ones in Figure 8(al), which indicate the existence of both abrasive wear
and adhesive wear mechanisms in the friction process. The adhesive wear mechanism
gradually dominates with the increase in the weave center distance. Combining with
the changing trend of friction coefficient, the abrasive chip accumulation has a certain
influence on the change of the friction coefficient. The average friction coefficient is higher
when the friction is mainly abrasive wear, while it is lower when the friction process is
mainly adhesive wear, which may also be the main reason why the variation of the friction
coefficient with the center distance of the weave in the experiment is not consistent with
the simulation calculation.
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Figure 7. Tangential contact damping of the samples. (a) The relationship between Tangential contact
damping and center distance. (b) The relationship between Tangential contact damping and Sample
thickness. (c) The relationship between tangential contact damping and weave width. (d) The
relationship between Friction coefficient and center distance. (e) The relationship between Friction
coefficient and Sample thickness. (f) The relationship between Friction coefficient and Weave wideth.

Fe-Zn alloy exhibit different wear damage characteristics due to different material
properties. Figure 9 shows the friction morphology of Fe-Zn alloy with the change of
weaving. Figure 9a shows the sample with a center distance of 0.3 um, Figure 9b shows
the sample with a center distance of 0.4 um, and Figure 9c shows the sample with a center
distance of 0.5 um. The wear surface of the sample is largely abrasive wear, and the surface
is essentially a friction track parallel to the frictional direction. There is a small amount
of abrasive debris in the weaving grooves. The wear mechanism is still dominated by
abrasive wear with the increase in the weaving center distance. The variation of the friction
coefficient of the Fe-Zn alloy is more regular and more in line with the theoretical calculation
results in the absence of abrasive debris on the friction surface (Figure 9(a2,b2,c2)), which
further proved that the abrasive debris is an important factor in the variation of the
friction coefficient.
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Cu Lal,2

< "

Ftiction tra

ck

Cu Lal,2

. Friction trﬁgk —100pm

Figure 8. SEM images and Cu elemental mappings of the worn surfaces of Mn-Cu samples (T0.3-
WO0.1-N2 group). (a) The sample with a center distance of 0.3 um. (b) Shows the sample with a center
distance of 0.4 um. (c) Shows the sample with a center distance of 0.5 um. (a1) Partial enlargement of
a-graph. (b1) Partial enlargement of a-graph. (c1) Partial enlargement of c-graph. (a2,b2,c2) Copper
contents different friction surfaces.

The morphologies and atomic distribution of the grinding balls are also characterized
to further study the friction mechanism of the two materials, as shown in Figure 10. There
is more material transfer on the surface of the Mn-Cu material, which indicates that the
adhesive friction is more obvious in the Mn-Cu material. Furthermore, there is almost
no abrasive debris accumulation and Zn elements on the grinding ball surface of the
Fe-Zn material, indicating that the friction mechanism of the Fe-Zn material is mainly
abrasive friction.
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Fe Kal

Friction track

Fe Kal

=

Friction track

Figure 9. Elemental mapping of Fe on the worn surfaces of Fe-Zn samples (T0.3-W0.1-N2-Fe group).
(a) The sample with a center distance of 0.3 um. (b) The sample with a center distance of 0.4 pm.
(c) The sample with a center distance of 0.5 um. (al) Partial enlargement of a-graph. (b1) Partial
enlargement of a-graph. (c1) Partial enlargement of c-graph. (a2,b2,c2) Iron contents different
friction surfaces.

Cu Lal,2

(a3)

100um

Figure 10. Elemental mapping of Mn, Cu, Fe, Zn on the worn surfaces of counterfaces. (a,b,al,b1)
Morphology and atomic distribution of grinding ball. (a2) Enlarged view of the surface of manganese
containing material. (a3) Enlarged view of copper containing material surface. (b2) Enlarged view of
zinc free material surface. (b3) Enlarged view of ferrous material surface.
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The abrasive chips are further investigated, focusing mainly on the accumulation
of abrasive chips in the woven grooves. The Mn-Cu material has more abrasive chip
accumulation, while the Fe-Zn material has less abrasive chip accumulation in the grooves,
as shown in Figure 11. The main component of the abrasive chips is CuO by the analysis
of EDS.

Cu Lal,2

100um

100pum

Figure 11. (a) Wear debris in grooves of Cu. (b) Elemental mapping of Cu. (c) Wear debris in grooves
of Fe. (d) Elemental mapping of Fe.

The XPS results are shown in Figure 12, and the main components of the grinding
chips of both Mn-Cu and Fe-Zn materials are oxide species. The main components of
the grinding chips in the Mn-Cu material are CuO and Cu,O (Figure 12c), which reduce
the friction coefficient due to the lubricating properties of CuO [43], thus explaining the
aforementioned experimental phenomena. The main component of the grinding chips in
the Fe-Zn material is FeO, which has less influence on the friction interface due to the low
content of wear debris and accumulation in the braided grooves.

Figure 13 shows the abrasion mark morphologies and wear cross-section of the Mn-
Cu and Fe-Zn samples under a normal force of 2 N. The wear depth and volume of the
Mn-Cu sample decreased with the increase in the weave center distance, and the cross-
section shows a U-shape. The height of the edge of the abrasion marks is higher than
that of the surface of the Mn-Cu sample, which indicates the accumulation of abrasive
chips. The surface wear of the Fe-Zn sample is slight, and there is a small accumulation of
abrasive chips at the edge of the abrasion marks and a more obvious scratch at the center
of the abrasion marks (Figure 13(b1,b2)), which is a typical feature of abrasive wear.
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The normal force (Figures 14 and 15) and wear direction (Figure 16) are changed to
characterize the wear properties of the samples, aiming to investigate the influence of other
factors on the frictional wear of the woven samples. There is both a friction track and wear
debris on the wear surface, indicating that the friction mechanism is still dominated by
the abrasive wear and adhesive wear. The increase in the normal force increases the wear
debris and depth, while the friction coefficient changes little, indicating that the friction
becomes three-body friction, and the friction coefficient mainly depends on the properties
of the wear debris.

Wear depth/pm
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Figure 14. Morphology of Mn-Cu samples (a1) T0.3-W0.1-C0.3-2N, (a2) Enlarged view of al (a3) T0.3-
W0.1-C0.3-5N, (a4) Enlarged view of a3, (a5) T0.3-W0.1-C0.3-10N, (a6) Enlarged view of (a5); (b) Wear
depth of samples; (c1,c2) Coefficient of friction of samples.

Figure 15 shows the wear conditions of the Fe-Zn sample by changing the normal
force. There is no change in the wear cross-section in the presence of the slight wear, which
shows the microscopic morphology and friction coefficient. The wear marks exhibited
friction tracks along the friction direction, which indicate that the wear is mainly abrasive
wear. The friction coefficient increases with the increase in the normal force. The friction
coefficient has a positive correlation with the tangential damping based on the previous
analysis, and the increase in the normal force increases the tangential damping of the
woven sample, thus increasing its friction coefficient.

Figure 16 shows the Mn-Cu friction samples with varying normal forces under the
radial conditions. Compared with the sample perpendicular to the weaving direction,
the friction coefficient of the sample is lower under the same normal force conditions,
and the abrasive chips are more likely to enter the grooves and adhere to the wear surface.
However, the wear amount of the Mn-Cu friction sample is not much different from that of
the sample perpendicular to the grooves. Other data are included in Figures S3-S5.
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Figure 15. Morphology of Fe-Zn samples (al) T0.3-W0.1-C0.3-2N, (a2) Enlarged view of al,
(a3) T0.3-W0.1-C0.3-5N, (a4) Enlarged view of a3, (a5) T0.3-W0.1-C0.3-10N, (a6) Enlarged view of a5;
(b1,b2) Coefficient of friction of samples.

3.4. Discussion

The intrinsic properties and contact characteristics of the materials have a great influ-
ence on the frictional wear performance of the damping alloys based on the aforementioned
data. The variation of the weave parameters doesn’t affect the surface hardness, Young’s
modulus of the material, or the surface roughness of the sample, but it does change the
tangential damping of the grinding pair by changing the contact area, thus affecting the
friction coefficient of the sample. A larger contact area means that the number of micro-
convex bodies in contact with the counter-abrasive pair at the contact interface increases,
and the tangential damping becomes larger, leading to an increase in the friction coef-
ficient, which can be predictable in the absence of abrasive chips affecting the friction
process. The difference in the material damping also plays a great role in the wear process.
The frictional wear performance of the Mn-Cu samples and Fe-Zn samples with large dif-
ferences in the damping properties have different wear properties. The damping properties
of the Mn-Cu materials originate from their abundant internal defects, which dissipate
mechanical energy by converting it into thermal energy under the dynamic loading [44-46].
On the one hand, the Mn-Cu material with abundant internal defects has a higher damping
friction coefficient under the action of friction. On the other hand, the internal defects of the
Mn-Cu material make the material more prone to wear, produce abrasive chips, and adhere
to the surface of the wear marks, which all affect the process of wear. The internal defects
of the Fe-Zn materials are relatively less, and the damping performance is lower than that
of the Mn-Cu material. During the friction process, the material generates shear failure
caused by the shear force and produces hard wear debris, which is more easily discharged
from the wear surface rather than adhered to the wear surface. The abrasive wear of the
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materials with poor damping performance (Fe-Zn alloy) is the main wear mode, as shown

in Figure 17.
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Figure 16. Morphology of Mn-Cu samples with parallel friction direction (a1) T0.3-W0.1-C0.3-2N,
(a2) Enlarged view of al, (a3) T0.3-W0.1-C0.3-5N, (a4) Enlarged view of a3, (a5) T0.3-W0.1-C0.3-10N,
(a6) Enlarged view of a5; (b) Wear depth of samples; (c1,c2) Coefficient of friction of samples.
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Figure 17. Schematic diagrams of wear mechanism under dry-sliding conditions of Mn-Cu and Fe-Zn
woven samples.

4. Conclusions

In this work, a series of damping alloy samples with different thicknesses and weave
sizes are prepared by laser processing, and the tribological properties of the samples are
characterized under sliding conditions. The following conclusions are obtained:

(1) The damping properties, sample thickness, and weave parameters of the damping al-
loys are the main factors affecting the friction properties of the material. The damping
performance of the Mn-Cu sample is better than that of the Fe-Zn sample, while the
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friction coefficient of the Mn-Cu sample is greater than that of the Fe-Zn material un-
der the same friction parameters, and the wear damage of the Mn-Cu sample is more
severe than that of the Fe-Zn sample. The influence of the weaving parameters on the
tribological performance is reflected in the variability of the contact area. According
to the theoretical calculation results, the material thickness affects the contact stiffness
between the abrasive pairs, and the greater the contact stiffness is, the less likely the
material will be deformed under the action of tangential forces and produce wear.

(2) The differences in the weave parameters leads to differences in the tangential damping
of the samples, and thus the difference in the coefficient of friction, which essentially
results from the changes in the number of micro-convex bodies on the contact surface
caused by the changes of the contact area.

(3) The tangential damping theory is more applicable to alloy materials with reduced
damping properties. When the friction pair is composed of alloy materials with
higher damping properties, the wear mechanism is favorable to adhesive wear rather
than abrasive wear, which is due to the abundant defects inside the damping alloy,
resulting in the micro-convex bodies being more likely to rupture and form wear
debris under the tangential forces. The wear debris adheres easily to the wear surface,
leading to changes in the friction coefficient. CuO debris formed by friction in the
Mn-Cu material acts as the lubrication at the friction interface, leading to the reduction
of the friction coefficient.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /ma15093303/s1, Figure S1: Friction coefficients of samples with
different weaving parameters. Figure S2: Friction coefficients of samples with different weaving
width. Figure S3: Friction process simulation of Mn-Cu and Fe-Zn with different weave center
distance. Figure S4: Friction process simulation of Mn-Cu and Fe-Zn with different sample thickness.
Figure S5: Friction process simulation of Mn-Cu and Fe-Zn with different weave width.

Author Contributions: Data curation, Y.S.; Methodology, Z.C.; Project administration, L.Z.; Re-
sources, M.Z.; Supervision, X.K.; Visualization, X.Y. and H.Y.; Writing—review & editing, L.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support provided by the National Natural
Science Foundation of China (No. 51805454, 22003041), Project initiation form of open fund project of
Sichuan Key Laboratory of material corrosion and protection (2021CL25).

Institutional Review Board Statement: No applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

References

1.  Zuo, S, Xiao, F; Fukuda, T. Orientation dependence of damping behavior in a Mn-Cu shape memory alloy. Scr. Mater. 2019, 170,
95-98. [CrossRef]

2. Jiazhen, Y,; Ning, L.; Xu, F; Ying, Z. The strengthening effect of spinodal decomposition and twinning structure in MnCu-based
alloy. Mater. Sci. Eng. A 2014, 618, 205-209. [CrossRef]

3.  Zhong, Z,;Liu, W,; Li,N.; Yan, J.; Xie, J.; Li, D.; Liu, Y.; Zhao, X.; Shi, S. Mn segregation dependence of damping capacity of as-cast
M2052 alloy. Mater. Sci. Eng. A 2016, 660, 97-101. [CrossRef]

4. Zhang, S.; Guo, X,; Tang, Y.,; Zhong, S.; Xu, Y. A comparative study on microstructure and damping capacity of Mn-Cu based
alloys with dendrite and equiaxial grain. Vacuum 2019, 168, 108814. [CrossRef]

5. Wang, D.W.; Mo, ].L.; Ouyang, H.; Zhou, Z.R. Improving Dynamic and Tribological Behaviours by Means of a Mn-Cu Damping
Alloy with Grooved Surface Features. Tribol. Lett. 2018, 66, 67. [CrossRef]

6. Kim, A.-R.; Cholewinski, A.; Mitra, S.K.; Zhao, B. Viscoelastic tribopairs in dry and lubricated sliding friction. Soft Matter 2020, 16,

7447-7457. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ma15093303/s1
https://www.mdpi.com/article/10.3390/ma15093303/s1
http://doi.org/10.1016/j.scriptamat.2019.05.042
http://doi.org/10.1016/j.msea.2014.09.020
http://doi.org/10.1016/j.msea.2016.02.084
http://doi.org/10.1016/j.vacuum.2019.108814
http://doi.org/10.1007/s11249-018-1019-9
http://doi.org/10.1039/D0SM00516A
http://www.ncbi.nlm.nih.gov/pubmed/32638821

Materials 2022, 15, 3303 18 of 19

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Myant, C.; Spikes, H.; Stokes, ]. Influence of load and elastic properties on the rolling and sliding friction of lubricated compliant
contacts. Tribol. Int. 2010, 43, 55-63. [CrossRef]

Flom, D. Rolling friction of polymeric materials. II. Thermoplastics. |. Appl. Phys. 1961, 32, 1426-1436. [CrossRef]

Moore, D.F. The Friction and Lubrication of Elastomers; Pergamon Press: Oxford, UK, 1972.

Moore, D.F.; Booker, J.E. Principles and Applications of Tribology. J. Lubr. Technol. 1976, 98, 635. [CrossRef]

Guo, Y,; Wang, ] X,; Li, F; Pan, D.K,; Li, K. Theory of adhesion-hysteresis-fatigue of elastomeric tribology and experimental
demonstration. Tribology 2013, 33, 443-448.

Song, H.; Vakis, A.L; Liu, X.; Van der Giessen, E. Statistical model of rough surface contact accounting for size-dependent plasticity
and asperity interaction. J. Mech. Phys. Solids 2017, 106, 1-14. [CrossRef]

Morales, G.; Gabelli, A.; Vries, A. A Model for Rolling Bearing Life with Surface and Subsurface Survival-Tribological Effects.
Wear 2018, 58, 4-10.

Zhou, W,; Tang, J.; Chen, H.; Shao, W.; Zhao, B. Modeling of tooth surface topography in continuous generating grinding based
on measured topography of grinding worm. Mech. Mach. Theory 2019, 131, 189-203. [CrossRef]

Saha, S.; Jackson, R. Elastic and elastic-perfectly plastic analysis of an axisymmetric sinusoidal surface asperity contact. Tribol.
Mater. Surf. Interfaces 2019, 14, 1-21. [CrossRef]

Li, X.; Yue, B.; Zhao, G.; Sun, D. Fractal Prediction Model for Normal Contact Damping of Joint Surfaces considering Friction
Factors and Its Simulation. Adv. Mech. Eng. 2014, 6, 378518. [CrossRef]

Chen, Y.H.; Zhang, X.L.; Wei, S.H.; Lan, G.S. Fractal Model for Normal Contact Damping of Joint Surface Considering Elastoplastic
Phase. J. Mech. Eng. 2019, 55, 58-65.

Zhang, X.; Wen, B.; Zhao, C. Vibratory synchronization and coupling dynamic characteristics of multiple unbalanced rotors on a
mass-spring rigid base. Int. ]. Non-Linear Mech. 2014, 60, 1-8. [CrossRef]

Liu, Y; Yang, G; Lu, Y.; Yang, L. Damping behavior and tribological properties of as-spray-deposited high silicon alloy ZA27.
J. Mater. Process. Technol. 1999, 87, 53-58. [CrossRef]

Wang, D.; Mo, J.; Liu, M,; Lj, J.; Ouyang, H.; Zhu, M.; Zhou, Z. Improving tribological behaviours and noise performance of
railway disc brake by grooved surface texturing. Wear 2017, 376, 1586-1600. [CrossRef]

Jiang, Z.C.; Tian, Q.C.; Ren, ZM.; Ji, PG,; Feng, ].H. Development and characterization of a MnCu-based high damping alloy
plate. Conf. Ser. Mater. Sci. Eng. 2019, 542, 012020. [CrossRef]

Hume, R. Elasticity and Anelasticity of Metals. Nature 1949, 164, 84-85. [CrossRef]

Zhong, Y.; Yin, E; Sakaguchi, T.; Nagai, K.; Yang, K. Dislocation structure evolution and characterization in the compression
deformed Mn-Cu alloy. Acta Mater. 2007, 55, 2747-2756. [CrossRef]

Liu, W,; Li, N.; Zhong, Z; Yan, J.; Li, D.; Liu, Y.; Zhao, X.; Shi, S. Novel cast-aged MnCuNiFeZnAl alloy with good damping
capacity and high usage temperature toward engineering application. Mater. Des. 2016, 106, 45-50. [CrossRef]

Lee, S.J.; Shin, S.E.; Ushioda, K.; Fujii, H. Microstructure, mechanical properties, and damping capacity in stir zone after friction
stir welding of Fe-17Mn damping alloy. J. Alloys Comp. 2019, 803, 1155-1167. [CrossRef]

Arghir, M,; Billy, F,; Pineau, G.R.; Fréne, ].; Texier, A. Theoretical Analysis of Textured “Damper” Annular Seals. J. Tribol. 2007,
129, 343-354. [CrossRef]

Fuadi, Z.; Takagi, T.; Miki, H.; Adachi, K. An experimental method for tangential contact stiffness evaluation of contact interfaces
with controlled contact asperities. Proc. Inst. Mech. Eng. Part J: ]. Eng. Tribol. 2013, 227, 1117-1128. [CrossRef]

Medina, S.; Nowell, D.; Dini, D. Analytical and Numerical Models for Tangential Stiffness of Rough Elastic Contacts. Tribol. Lett.
2012, 49, 117-128. [CrossRef]

Zhang, X.L.; Wen, S.H.; Lan, G.S.; Ding, H.Q.; Zhang, Z.Y. Experiment Research on Tangential Dynamic Characteristics of
Machined Plane Joint Interfaces. Adv. Mater. 2011, 145, 584-589. [CrossRef]

Zhang, X.; Wang, N.; Lan, G.; Wen, S.; Chen, Y. Tangential Damping and its Dissipation Factor Models of Joint Interfaces Based on
Fractal Theory with Simulations. J. Tribol. 2014, 136, 011704. [CrossRef]

Jiang, L.; Zhang, X.L.; Chen, Y.H.; Lan, G.S.; Wen, S.H.; Zhang, Y.; Yang, B. A Fractal Model of the Tangential Contact Damping on
Fixed Joint Surfaces. J. Taiyuan Univ. Ence Technol. 2014, 45, 380-384.

Pettersson, U.; Jacobson, S. Influence of surface texture on boundary lubricated sliding contacts. Tribol. Int. 2003, 36, 857-864.
[CrossRef]

Grabon, W.; Koszela, W.; Pawlus, P.; Ochwat, S. Improving tribological behaviour of piston ring—cylinder liner frictional pair by
liner surface texturing. Tribol. Int. 2013, 61, 102-108. [CrossRef]

Ripoll, M.R.; Simi¢, R.; Brenner, J.; Podgornik, B. Friction and Lifetime of Laser Surface-Textured and MoS2-Coated Ti6Al4V
under Dry Reciprocating Slidingm. Tribol. Lett. 2013, 51, 261-271. [CrossRef]

Sugihara, T.; Singh, P.; Enomoto, T. Development of novel cutting tools with dimple textured surfaces for dry machining of
aluminum alloys. Procedia Manuf. 2017, 14, 111-117. [CrossRef]

Rowe, E.W. The Friction and Lubrication of Elastomers. Aeronaut. J. 2016, 79, 238-245.

Halling, J. Principles and applications of tribology. Tribol. Int. 1976, 9, 89-90. [CrossRef]

Brake, M. Constitutive Modeling of Contact for Elastic—Plastic Materials Engaged in Micro/Macroslip. In The Mechanics of Jointed
Structures; Springer: Berlin/Heidelberg, Germany, 2018.


http://doi.org/10.1016/j.triboint.2009.04.034
http://doi.org/10.1063/1.1728373
http://doi.org/10.1115/1.3452952
http://doi.org/10.1016/j.jmps.2017.05.014
http://doi.org/10.1016/j.mechmachtheory.2018.10.001
http://doi.org/10.1080/17515831.2019.1663396
http://doi.org/10.1155/2014/378518
http://doi.org/10.1016/j.ijnonlinmec.2013.12.002
http://doi.org/10.1016/S0924-0136(98)00331-8
http://doi.org/10.1016/j.wear.2017.01.022
http://doi.org/10.1088/1757-899X/542/1/012020
http://doi.org/10.1038/164084b0
http://doi.org/10.1016/j.actamat.2006.12.012
http://doi.org/10.1016/j.matdes.2016.05.098
http://doi.org/10.1016/j.jallcom.2019.06.367
http://doi.org/10.1115/1.2738072
http://doi.org/10.1177/1350650113481293
http://doi.org/10.1007/s11249-012-0049-y
http://doi.org/10.4028/www.scientific.net/AMR.145.584
http://doi.org/10.1115/1.4025548
http://doi.org/10.1016/S0301-679X(03)00104-X
http://doi.org/10.1016/j.triboint.2012.11.027
http://doi.org/10.1007/s11249-013-0170-6
http://doi.org/10.1016/j.promfg.2017.11.013
http://doi.org/10.1016/0301-679X(76)90052-9

Materials 2022, 15, 3303 19 of 19

39.
40.
41.
42.
43.
44.
45.

46.

Shi, X.; Polycarpou, A. Investigation of Contact Stiffness and Contact Damping for Magnetic Storage Head-Disk Interfaces.
J. Tribol. 2008, 130, 843-854. [CrossRef]

Mindlin, R. Compliance of Elastic Bodies in Contact. J. Appl. Mech. 1949, 16, 259-268. [CrossRef]

Eric, E. Loss Factors of Viscoelastic Systems in Terms of Energy Concepts. J. Acoust. Soc. Am. 2005, 34, 741-745.

Jackson, R.; Streator, . A multi-scale model for contact between rough surfaces. Wear 2006, 261, 1337-1347. [CrossRef]

Wu, H.; Wei, H.; Hussain, G.; Tao, K.; Asif, I.; Rao, W. Plasma surface Cu alloyed layer as a lubricant on stainless steel sheet: Wear
characteristics and on-job performance in incremental forming. J. Wuhan Univ. Technol. 2016, 2, 422-428. [CrossRef]

Yin, F; Nagai, K.; Watanabe, K.; Kawahara, K. The Damping Behavior of Ni Added Mn-Cu Damping Alloys. Mater. Trans. 2003,
44,1671-1674. [CrossRef]

Yin, E; Ohsawa, Y.; Sato, A.; Kawahara, K. Solid Solution Treatment Improved Damping Behavior in an As-casted and Cold-rolled
Mn-20Cu-5Ni-2Fe Alloy. Int. J. Mater. Res. 1998, 89, 481-486.

Mosavi, A.; Salehi, F.; Nadai, L.; Kéaroly, S.; Gorji, N.E. Modeling the Temperature Distribution during Laser Hardening Process.
Results Phys. 2019, 2, 102883. [CrossRef]


http://doi.org/10.1115/1.2908901
http://doi.org/10.1115/1.4009973
http://doi.org/10.1016/j.wear.2006.03.015
http://doi.org/10.1007/s11595-016-1386-8
http://doi.org/10.2320/matertrans.44.1671
http://doi.org/10.1016/j.rinp.2019.102883

	Introduction 
	Experimental Section 
	Materials 
	Surface Weaving Treatment 
	Experimental Setup 

	Results and Discussion 
	Friction Coefficient 
	Simulation of Dynamic Behavior of Surface Weaving Parameters 
	Morphologies and Wear Mechanism 
	Discussion 

	Conclusions 
	References

